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1. Supplemental methods 
 
Culturing procedures 
Prochlorococcus strain MIT9215 was originally isolated from the Equatorial Pacific in 
Oct. 1992 (1). Axenic cultures were provided by the Chisholm lab at MIT and grown at 27°C in 
a custom incubator under a 14:10 light:dark cycle at a peak light intensity of 75 µmol photon m-2 
s-1. For all experiments, cells were inoculated at 1% media volume or lower from cultures in 
mid-late exponential phase. Growth was monitored by in vivo chlorophyll fluorescence. Cultures 
were grown in a modified ProTM media (2) where concentrations of inorganic metal species 
(denoted as metal’) are stabilized by equilibrium with ethylenediamine tetraacetic acid (EDTA) 
(3). At an EDTA concentration of 11.7 µM, the ratio of Fe’ to total iron is 10-1.94 and the ratio of 
Co’ to total cobalt is 10-2.81 (4). Background iron and cobalt concentrations were determined to 
be 0.3 and 0.01 nM, respectively. For all experiments, Fe’ (maximum 135 pM) was below Fe 
hydroxide solubility thresholds (~500 pM (5)). 
Cells were harvested by centrifugation, digested in 5% nitric acid, and analyzed by ICP-
MS (4). Samples were corrected for matrix effects using a 1ppb In internal standard and 
calibrated relative to a 1-100 ppb standard curve made from a certified multielement standard 
(Spex Certiprep). Duplicate analyses of cell digests agreed within 5% for both Co and Fe, except 
at Co levels below 30 atoms per cell which agreed to ~20%. Process blanks were subtracted from 
measured concentrations. The mean blank for this dataset was 0.022 pmol for Co and 12.4 pmol 
for Fe. Detection limits (as 3-times the standard deviation of the blank, n=12) were 0.044 pmol 
for Co and 30 pmol for Fe. Phosphorus concentrations were also measured by ICP-MS and 
calibrated to a separate standard curve ranging from 100–1500 ppb sodium phosphate, which 
was cross-calibrated to a certified 1 ppm P standard (Alfa Aesar Specpure). Metal and P 
concentrations in digestions were scaled to original culture volume and divided by cell number to 
derive per cell quotas. Harvested cells were not washed with chelating solutions (6) to remove 
extracellularly-bound metals, but low Fe' concentrations used in these experiments suggest 
minimal Fe precipitation onto cell surfaces, consistent with laboratory validation studies (7).   
For all samples where quotas were measured, cell number was determined by flow 
cytometry on a Guava Easycyte HT instrument with Incyte 3.1 software. Cultures were serially 
diluted in filtered oligotrophic seawater and counted using a red fluorescence gate until 5000 
events were recorded. This instrument was calibrated monthly with beads. Dilutions with cell 
concentrations in the range of 0.5–2 x 105 cells per ml were used to calculate original cell 
number. No difference was observed in cell number of nutrient replete, exponential phase 
cultures preserved with 5% paraformaldehyde, flash frozen in liquid nitrogen and stored at -80 
°C (cobalt-limitation series, 5.3 x 107 cells/ml) versus cells that were frozen directly at -80 °C 
(iron-limitation series, 5.5 x 107 cells/ml). Cell density of media supernatant following 
centrifugation was also measured to evaluate harvesting efficiency by this method. In general, 
harvesting efficiency by centrifugation was >95%, except at low cell densities where harvesting 
efficiency was still >80%. Agreement between cellular P quotas (1.1 ± 0.4 x 107 atoms per cell, 
Table S2) and literature data for this strain (0.4-0.7 x 107 atoms per cell (8)) and 
Prochlorococcus Med4 (0.2–2 x 107 atoms per cell (9)), indicate that ICPMS and flow cytometry 
determinations are robust. The 1.7 M bp genome of Prochlorococcus MIT9215 alone accounts 
for 0.3 x 107 P atoms per cell, a considerable fraction of the cellular P quota. Metal:C ratios were 
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estimated as the mean of two approaches: 1) a conversion of metal cell-1 quotas using a C cell-1 
quota (1.85 ± 0.23 x 109 C atoms cell-1) and 2) the product of the metal:P ratio and the P:C ratio 
(325 ± 74 mol:mol). Both conversion factors reflect published measurements of the 
Prochlorococcus MIT9215 strain (8) and uncertainties are propagated throughout. 
Additional culturing protocols, plasticware cleaning procedures, media preparation, and 
measurement of growth rates and cell quotas are identical to those described by Hawco and Saito 
(2018) and methodological details can be found there (4). All curve fitting was performed with 
using least-squares routines in Sigma Plot 12.  
 
Protein Extraction and Global Proteomic Analysis 
Soluble proteins were extracted from cell pellets and digested using a detergent-free 
method (10). Biomass was resuspended in 100 mM ammonium bicarbonate and sonicated on ice 
at 70% duty for two 4-minute intervals and then centrifuged at 14,000 rpm for 20 minutes at 4°C. 
200 µl of supernatant was precipitated in 800 µl acetone at -20°C for several days. The 
supernatant solution was removed after spinning at 14,000 rpm at 4°C and precipitated proteins 
were dried on a speed-vac (Thermo) for several minutes. 
Extracted protein was resuspended with 125 µl of 6M urea in 100 mM ammonium 
bicarbonate and heated to 95°C to dissolve. 100 µl of this sample was then incubated with 5 µl of 
200 mM dithiothreitol (DTT) for 1 hour at 56°C, 20 µl of 200 mM iodoacetamide for 1 hour at 
room temperature, and finally for 1 hour at room temperature with an additional 20 µl of 200 
mM DTT. Samples were diluted to 1 ml in 100 mM ammonium bicarbonate and trypsin 
(Promega Gold) was added at a 1:50 ratio to total protein, quantified by a detergent compatible 
(DC) colorimetric assay (Bio-Rad) at 750 nm on a UV-Vis spectrophotometer (Shimadzu). 
Samples were digested overnight at 37°C. Peptides were concentrated by speed-vac and then 
diluted with an LC-MS buffer containing 98% water, 2% acetonitrile, and 0.1% formic acid to a 
final protein concentration of 0.1 µg/µl. 
Global proteome composition was analyzed by liquid chromatography mass spectrometry 
(LC-MS) following previously described procedures (11). Protein extracts were analyzed in 
duplicate. Raw mass spectrometry files were searched using Prochlorococcus MIT9215 genome 
(downloaded from NCBI) and scored through the Sequest algorithm using Proteome Discoverer 
software (Thermo). Mass tolerance settings of 10 ppm for parent ions and 0.02 Da for fragments 
were used with fixed cysteine carbamidomethylation (+57), variable methionine oxidation (+16), 
and a maximum of 2 missed trypsin cleavages. Processed data were assembled and spectra were 
counted using Scaffold 4.7.3 with 95% minimum peptide thresholds and 99.9% minimum 
protein thresholds applied. False discovery rates for the cobalt gradient experiment (10, 3, 1 and 
0.6 nM Co) was calculated to be 0.2% for decoy peptides and 5.5% for decoy proteins. 
A Fisher’s Exact test was applied to 584 detected proteins to compare spectral counts 
between cobalt-limited samples (0.6 and 1 nM Co) and cobalt replete samples (3 and 10 nM Co) 
with significance being determined at p<0.01. Prior to plotting, this dataset was reduced by 
eliminating proteins that were not identified in each of the 4 samples (2 treatments with 2 
technical replicates) within the cobalt-limited or cobalt-replete groups. Figure S2B shows the 
121 proteins that meet these criteria, 20 of which were significantly more abundant and 14 of 
which were significant less abundant (Table S9), with error bars in Fig. S2B reflecting the 




Quantitative Protein Measurements of NrdJ and MetH 
Due to their low abundance, neither NrdJ nor MetH were detected using the strict settings 
needed to interpret global proteomes. Instead, Prochlorococcus MIT9215 methionine synthase 
(metH, P9215_10151) and ribonucleotide reductase (nrdJ, 9215_07641) peptides were quantified 
by selected reaction monitoring (SRM) by targeted liquid chromatography mass spectrometry, 
which required additional Prochlorococcus biomass and the generation of isotopically labeled 
standards.  
Large volume cultures of cobalt-limited Prochlorococcus MIT9215 cultures (non-axenic) 
were grown in 8 L polycarbonate carboys and sampled over several days during exponential 
growth. Four 30 mL aliquots were taken at the start of exponential phase and grown in 28 mL 
polycarbonate tubes alongside larger carboys to measure growth rate under similar light and 
media conditions. Growth rates increased when additional cobalt was added to two of these 
aliquots to validate that cells were indeed limited by cobalt.  
Chlorophyll fluorescence of aliquots collected in 8 L carboys during sample harvesting 
agreed with levels in 28 mL cultures, suggesting that growth in both bottles grew similarly over 
these short timescales (<7 days). Biomass for metal and protein measurements was harvested 
simultaneously. In addition to measuring cellular cobalt quotas in these samples (described 
above), the cobalt content of the acetone supernatant during protein extraction was measured 
after evaporating to dryness by speed-vac and digesting in 5% nitric acid. The cobalt 
concentration in these aliquots indicated that between 30– 70% of the cobalt quota was released 
during sonication and, by inference, a similar percentage of cobalt-bearing proteins. It is likely 
that a greater fraction of NrdJ and MetH were extracted. Biochemical studies with homologous 
enzymes have demonstrated that both proteins are soluble in aqueous solution, suggesting that 
the protein extraction procedure employed is able to recover these enzymes (12, 13). Because 
detergent-free protein extractions discriminate against lipophilic proteins associated with plasma 
or photosynthetic membranes, cobalt bound to these proteins may account for the ‘missing’ 
cobalt quota. This may include cobalt-bearing intermediates of the B12 biosynthetic pathway, 
which is probably membrane bound (14). However, the higher reagent blanks associated with 
measuring cobalt in protein extracts compared to acid digestions make the former determinations 
more uncertain.  
Isotope labeled peptide standards were generated by overexpression of a pET30-a 
plasmid with sequences for Prochlorococcus nrdJ, metH and horse myoglobin peptides (Fig. S9) 
in competent E. coli cells (Novagen Tuner (DE3) pLysS). Individual colonies were selected and 
grown in 10 mL of 15N-labeled media (Cambridge Isotope Laboratories Bioexpress Cell Growth 
Media U-15N, 98%) amended with 100 mg L-1 kanamycin, overnight at 34°C. Afterwards, 100 
µL of cells were inoculated into 10 mL of 15N labeled media and induced with 1 mM IPTG after 
3 hours at 34°C. Induced cells were harvested after 24 hours at 20°C by centrifugation at 6500 g 
for 20 min at 4°C and frozen at -20°C. Cell pellets were then lysed with 1 mL soluble lysis 
reagent (Novagen Bug Buster protein extraction reagent amended with 25 units of Benzonase 
Nuclease) and centrifuged at 6500 g for 20 min at 4°C, after which the supernatant solution was 
decanted from the pellet of inclusion bodies. Inclusion bodies were dissolved in 6M urea and 
digested with trypsin according to the above protocol. Labeled peptides were analyzed by LC-
MS to ensure complete trypsin digestion and the absence of detectible peptides with natural 
isotope abundance. A manuscript describing this method in detail is forthcoming (McIlvin and 
Saito, in prep.)  
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Labeled peptides were calibrated relative to commercial horse myoglobin (Fischer), 
which was resuspended in ammonium bicarbonate to 100 nM and digested overnight with 6 µg 
trypsin at room temperature. Addition of a known quantity of commercial horse myoglobin 
peptides (unlabeled) was used to quantify the concentration of 15N-labeled myoglobin peptides 
that were overexpressed in E. coli (Table S6). Because 15N-labeled Prochlorococcus peptides 
and 15N- labeled myoglobin peptides were cloned from a single sequence, the measured 
concentration of 15N-labeled myoglobin peptides is equal to the concentration of 15N-labeled 
Prochlorococcus NrdJ and MetH peptides. Digested, 15N-labeled peptides were added to 
digested Prochlorococcus peptides (0.1 µg/µl total protein) to a final concentration of 3.3 fmol/µl 
of labeled peptide. 10 µl of sample was injected onto a 5 µm C18 peptide trap connected to a 3 
µm C18 column. Peptides were separated with a Microhm Advance liquid chromatography 
system over a gradient of 0-95% acetonitrile over a 40 minute window. This gradient increased 
linearly from 2 to 40% over the first 30 minutes and increased to 95% acetonitrile over the next 5 
minutes. Secondary mass spectra (MS2) were collected with a Q-Exactive mass spectrometer 
(Thermo) using an inclusion list containing both heavy and light peptide masses. The ratio of 
labeled and unlabeled peptides was then used to determine the concentration of NrdJ and MetH 
in protein digests (fmol/µg protein digested, Table S7, Figs. S10, S11). Skyline targeted 
proteomics software (https://skyline.ms/project/home/begin.view?) was used to process MS2 
spectra and calculate peptide ratios.  
Peptide concentrations were corrected for dilution and sample splitting during protein 
digestion to arrive at a cellular quota. We excluded two of the six peptides that were cloned for 
each enzyme due to anomalously low sensitivity of labeled standards or poor peak resolution in 
samples. The concentration of remaining peptides agreed to a reasonable extent (~20%) with 
relative abundance trends between samples being more consistent. 
Following measurement of these proteins in large volume Prochlorococcus MIT9215 
cultures, NrdJ and MetH abundance was determined in protein extracts from the cobalt-gradient 
experiment (10, 3, 1, 0.6 nM Co). The relative abundance of NrdJ and MetH in these samples 
was quantified (e.g. Fig. S2A) but could not be reliably related to a cellular quota due to low 
extraction/retention efficiency at low protein concentration in these samples. The ratio of NrdJ to 
MetH peptides was similar between large volume cobalt-limited cultures (2.3) and cobalt-limited 
cultures from the Co gradient experiment (2.9), suggesting that relative abundance measurements 
for this dataset are robust (Table S7) 
 
Dissolved and particulate cobalt distributions in the Equatorial Pacific Ocean.  
The Metzyme cruise (KM1128) was conducted during October 2011, between Honolulu, 
Hawai`i and Apia, Western Samoa. The transect followed a North-South line at 155 °W to the 
equator and proceeded to the southwest to 15°S, 170°W (Fig. 2A). Trace metal clean sampling 
procedures and nutrient analyses have been fully described by Saito et al., 2014 (15). Samples 
for dissolved cobalt determinations were 0.2 µm filtered with 47 mm Supor filters (saved for 
particulate analyses) in a clean space maintained by HEPA air filtration. Filtered samples were 
stored in 60 ml acid-clean polyethylene bottles at 4 °C and preserved with metal-free gas 
absorbing satchels (Mitsubishi Gas and Chemical) in heat sealed bags, with 3 satchels and 6 
samples per bag.  
Dissolved cobalt concentrations were determined by cathodic stripping voltammetry 
(CSV) using dimethylglyoxime (DMG) as a competing ligand following UV-oxidation to 
destroy organic cobalt ligands (16). Cobalt profiles from stations 1 (17°N), 3 (8°N), and 5 (0°N) 
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were published previously (15). All other samples were measured concurrently with dissolved 
cobalt for samples for that GEOTRACES GP16 dataset, following identical analytical 
procedures (17). During this time, stations 1, 3, and 5 were re-run and agreed with published 
values for these samples, except for samples from the oxygen minimum zone in Station 3 (8°N), 
where some cobalt (~20 pM) seemed to have been lost over ~2 years since removal from O2-free 
bags, an effect that has been documented in the oxygen minimum zone of the North Atlantic 
(18). A blank of 4.6 pM ± 0.7 pM Co was determined from 19 analyses of Chelex-100 treated, 
UV oxidized seawater (16). This blank reflects cobalt added from reagents and other sources 
during analyses. The detection limit of this dataset, calculated as 3-times the standard deviation 
of the blank, was 2.1 pM. Ocean sections in Figure 2 made using Ocean Data View version 
4.7.10 (Schlitzer, R., https://odv.awi.de).  
Particulate cobalt and particulate phosphate were measured on 0.2 µm Supor filters (47 
mm) used for filtering seawater collected in 8 L X-Niskin bottles (15). Filters returned to the lab 
frozen and were digested in 50% trace metal grade nitric acid with 1ppb Indium at 90 °C for 3 
hours, diluted to 5% nitric acid with ultrapure water (Milli-Q), and analyzed on an Element 2 
mass spectrometer in the WHOI ICP-MS facility. Indium was used as an internal standard to 
correct for sample injection and dilution. The instrument was calibrated using external standards 
diluted from certified standards (SPEX Certiprep) and filter blanks were subtracted from 
measured values.  
 
Analyses with the PISCES Cobalt Biogeochemical Model 
 Field observations of seawater Co:P stoichiometry were extrapolated to the global ocean 
using a recently developed biogeochemical model of the marine cobalt cycle (19). This model 
operates within the PISCES biogeochemical framework (20). All cobalt-related parametrizations 
are added without feedback to the base model (i.e. no feedbacks on phytoplankton growth, 
macronutrient uptake etc.). The cobalt model was rerun following an update to the underlying 
biogeochemical descriptions of the PISCES model to incorporate new descriptions of POC flux 
and remineralization (21). Despite no new changes to Co-related parametrizations, the new 
simulations represent an improved fit to observations compared to the published model and 
produce lower cobalt concentrations in the surface of the South Pacific Ocean, consistent with 
measured values. 
To determine the total metal:phosphorus ratio for surface ocean grid cells, cobalt, iron 
and P pools across dissolved and particulate phases were summed. Grid cells with mean annual 
temperatures below 12°C were excluded from analysis because culture and field evidence 
suggest Prochlorococcus is not found in these waters (22). Model data are plotted in Figs. 4, S5, 
S6, and S8. 
The fidelity of modelled Co:P and Fe:P ratios was assessed by comparison to high-
quality cobalt, iron and phosphate measurements compiled in the GEOTRACES Intermediate 
Data Product 2017 (23). Co-located Fe, Co, and P concentrations from the upper 30 m of the 
ocean were extracted (n = 231). This depth range was chosen to maximize the number of 
samples while avoiding upwelling signals derived from the nutricline. Of these measurements, 
33 had Co:PO4 ratios below 26 µmol:mol, mostly from the GP16 transect in the Eastern Tropical 
South Pacific (17). Because of significant uncertainty in these parameters at very low 
concentrations, minimum concentrations of 3 pM Co, 50 pM Fe, and 20 nM P were imposed. 
Note that because this database only includes PO4 measurements, this threshold helps to 
acknowledge the presence of bioavailable dissolved organic phosphorus that supports 
 S7 
phytoplankton growth at extremely low PO4. The choice of these lower limits does not have a 
meaningful impact on the distribution of data in Figure 4.  
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Figure S1. A) Growth of Prochlorococcus MIT9215 cultures as a function of the cellular Co:P 
ratio. Blue points show results from experiments where Co’ concentration was varied but all 
other metals were held constant. The blue line shows a fit of the Droop Curve for these data (R2 
= 0.96, see Table S1). Yellow circles show results from metal perturbation experiments under a 
constant, limiting concentration of Co’ (4). Media with additional Mn and Zn depressed growth 
rates while media with less added Mn increased growth rates. Additional treatments (+Ni, -Ni, 
+Cu) did not strongly affect growth and are unlabeled. Note the similarity between Co:P ratio 
and growth rate in both sets of experiments implies that Zn/Mn effects are primarily associated 
with competitive inhibition at the transporter site and not intracellular toxicity (see Hawco and 
Saito 2018). B) Evidence for additional Co uptake by Prochlorococcus under Fe limitation. Blue 
circles show linear relationship between cellular Co:P and the media Co’ concentration (R2 
>0.99). Red circles show Co:P ratio as cells become more Fe limited. Note that Co’ in these 
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Figure S2. Proteomic measurements of cobalt-limited metabolism of Prochlorococcus 
MIT9215. A) Relative abundance of cobalamin-dependent ribonucleotide reductase (NrdJ, blue 
circles) and cobalamin-dependent methionine synthase (MetH, red circles) as a function of 
growth rate and cobalt concentration, determined by selected reaction monitoring of four tryptic 
peptides. White circles show relative change in the cellular cobalt quota, QCo, which has a 
maximum value of 780 atoms per cell. B) Whole cell proteomes under cobalt limitation. Vertical 
axis reflects the difference in assigned spectral counts in cobalt-limited samples (0.3 and 1.6 pM 
Co’) relative to cobalt-replete samples (4.7 and 15.5 pM Co’), with positive values reflecting 
upregulation under cobalt limitation. Red lines follow trajectories of a two-fold up- or down-






























































































Figure S3. A) Relationship between dissolved cobalt and dissolved oxygen concentration for 
samples from 0–500 m from the Metzyme cruise (KM1128). B) Relationship between particulate 
cobalt and particulate phosphorus, also from samples between 0–500 m (note samples with 
elevated concentrations of both elements are all from the upper 100 m). The slope of this 


































































Figure S4. Profiles of divinyl chlorophyll a (A) and monovinyl chlorophyll (B) during the 
Metzyme cruise, October 2011 (KM1128) for stations in the South Pacific. The divinyl 
chlorophyll a pigment is unique to Prochlorococcus and exceeds monovinyl chlorophyll a 
(synthesized by other phytoplankton) for each of these stations. Symbols and color scheme 
match those in Figure 3A-D. Note that the increase of both chlorophyll types with depth 
represents an increase in chlorophyll:C ratios (as a response to decreasing light), and not an 
increase in biomass. Studies in the North Pacific subtropical gyre have emphasized that  
Prochlorococcus growth rates are fastest in the mixed layer (24), where HLII Prochlorococcus 
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Figure S5. Investigations of surface ocean Co, Fe and P stoichiometry in the PISCES 
biogeochemical model over the Prochlorococcus habitat (defined as waters with temperatures 
>12C). A) Modelled distribution of total cobalt (sum of dissolved and particulate fields). B) The 
ratio of total cobalt (panel A) to total phosphorus (the sum of seawater phosphate and particulate 
fields). C) The ratio of total Fe to total phosphorus. Note that this does not include refractory Fe 
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Figure S6. A) Distribution of cobalt poor environments within the PISCES biogeochemical 
model in the surface ocean. Purple shading indicates surface waters that are depleted in cobalt, 
having a Co:PO4 ratio below the 95% µmax threshold of Prochlorococcus MIT9215 (26 x10-6, 
Table S1). Blue shading indicates regions where Co:PO4 ratios are less than a factor of 10 above 
the 95% µmax threshold (i.e. 26 < Co:PO4 < 260 x10-6). The value of 260 x10-6 corresponds to 
Co:P ratios in zinc-starved Emiliana huxleyi (26). B) Distribution of iron poor environments. 
Purple and blue regions are defined as in A, representing 95% µmax and 10x 95% µmax. Pink 
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Figure S7. Profiles of Prochlorococcus-specific proteins in the South Pacific Gyre from the 
Metzyme expedition (October 2011). Peptides corresponding to the nickel-dependent superoxide 
dismutase (NiSOD), the iron deficiency induced protein (IdiA), and Glutamine Synthetase 
(GlnA) are shown. The abundance of the IdiA protein, which may be an inorganic iron 
transporter, is indicative of Fe stress (27). These profiles also suggest that Prochlorococcus 
activity is greater near the mixed layer than in the deep chlorophyll maximum layer (75–125 m; 



























































Figure S8. Predicted regions of Prochlorococcus cobalt limitation if minimum cobalt 
requirements were 10-fold higher than measured values, as found in Emiliana huxleyi grown in 
low Zn media. Under these conditions, cobalt limitation is expected to exceed iron and 
macronutrient limitation for ~12% of surface waters >12°C. The distribution of cobalt depleted 
waters at this threshold is considerably larger (~55%, Figure S6) but Fe is more strongly depleted 
















































Figure S9. Plasmid Sequence used for cloning 15N-labeled peptides for Prochlorococcus 
MIT9215 NrdJ and MetH enzymes. Color scheme: Yellow: Restriction enzymes (5’BamH1, 
3’Xho1), Blue: Start/Stop codons, Green: NrdJ peptides, Cyan: MetH peptides, Pink: peptides 






























Figure S10. Peptide chromatograms for the ribonucleotide triphosphate reductase from 
Prochlorococcus MIT9215 (NrdJ, 9215_07641). Upper panels show light (unlabeled) peptides 
deriving from Prochlorococcus MIT9215 biomass. Lower panel shows chromatograms for 
heavy (labeled) peptides. Different lines represent prominent ms2 fragments. Color coding is 

























































































Figure S11. Peptide chromatograms for the methionine synthase from Prochlorococcus 
MIT9215 (MetH, P9215_10151). Upper panels show light (unlabeled) peptides deriving from 
Prochlorococcus MIT9215 biomass. Lower panel shows chromatograms for heavy (labeled) 
peptides. Different lines represent prominent ms2 fragments. Color coding is consistent between 
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 S20 
3.  Supplemental Tables 
 
Table S1. Cobalt and iron limitation thresholds of Prochlorococcus MIT9215. Values of qmin are 
derived from least-squares regressions to the Droop Equation (Eq. 1 in main text) using the data 
in Table S2. Separate regressions were derived for cell quota (atom cell-1), metal:P and metal:C 
ratios (resulting in different R2). Empirical metal use efficiencies, in mol C day-1 (mol metal)-1, 
are calculated as the maximum ratio of growth rate (µ) over the metal:C ratio.  
 Co cell-1 Co:P Co:C Fe cell-1 Fe:P Fe:C 
qmin 




0.09 x 10-6 













1.83 x 10-6 




5.17 ± 0.79 
x 10-3 
16.2 ± 2.05 
x 10-6 
R2 0.955 0.972 0.961 0.956 0.916 0.943 
Use efficiency 
(empirical)** 
  1.55 
x 107 
  1.52 
x 105 
*µmax Fe= 0.57; µmax Co = 0.55 







































































































































































































































































































































































































































































































































































































































































































































































































































Table S3. Iron Use efficiency calculations for Prochlorococcus 
Quantity  Units Reference, Derivation 




Atoms per photosynthetic 
complex 
Raven 1990 (28) 
Turnover time of PSII 250 Electrons per s Raven 1988 (29) 
Electrons per CO2 fixed 4 Electrons  C(+4)O2 à C(0)H2O 
Ratio CO2 fixed per C biomass 1.333 Mol : mol Raven 1988 (29) 
Iron Use efficiency, 
photosynthesis (24 hour light) 
0.427 
(0.491*) 
Mol Fe per (mol C per s) = 1.333 x 4 x 20 / 250 




Mol Fe per (mol C per s) = 0.427 x 24 / 14 
Iron atoms in respiration 42 Atoms per respiratory 
complex 
Raven 1988 (29) 
Turnover time respiratory 
cytochrome C oxidase 
250 Electrons per s Raven 1988 (29) 
Iron Use efficiency, respiration 0.224 Mol Fe per (mol C per s)  = (1.333–1) x 4 x 42 / 250 
Total Iron use efficiency 0.955 
(1.065*) 
Mol Fe per (mol C per s) = 0.731 + 0.224 
 9.04 x 104 
(8.11 x 104*) 
Mol C per day per mol Fe = 86400 / 0.955 
 
 
C per cell 1.85 x 109  Martiny et al. 2016 (8) 
Growth Rate (arbitrary) 0.4 Per day  
Fe quota, predicted 8200 
(9140*) 
Fe Atoms Per cell = 0.4 x 1.85 x 109/9.04 x 104 
Fe quota, measured 5108 ± 1140 Fe Atoms Per cell Table S2 
*including Fe use in Ferredoxin and Cytochrome C (versus substitution by Flavodoxin and Plastocyanin); assumes 
























Table S4. Cobalt Use Efficiency calculations for Prochlorococcus 
Quantity  Units Reference or derivation 
Co:NrdJ stoichiometry 1 Mol Co : mol NrdJ Sintchak et al. 2002 (30) 
NrdJ Turnover time 2 Bases Per second Licht et al. 1999 (13) 
NrdJ output, daily 1.73 x 105 Bases per day per NrdJ = 2 x 60 x 60 x 24 
Genome size 3.4 x 106 dNTP bases* Kettler et al. 2007 (31) 
NrdJ demand 20.1 Copies NrdJ per cell per day = 3.4 x 106 / 1.7 x 105 
 
Co demand, nrdJ 20.1 Co per cell per day  
 
Co:MetH stoichiometry 1 Mol Co:mol MetH Drennan et al. 1994 (32) 
MetH turnover time 18 Methionine molecules per second Banerjee et al. 1990 (33) 
MetH output, daily 1.6 x 106 Methionine molecules per day = 18 x 60 x 60 x 24 
Maximum methionine 
molecules per cell 
1.2 x 107 Sulfur atoms per cell Assuming P:S ratio ~ 1 
Heldal et al. 2003 (34) 
Methionine demand 7.7 Copies met H per cell per day = 1.2 x 107 / 1.6 x 106 
Co demand, metH 7.7 Co per cell per day  
 
C per cell 1.85 x 109 Atoms per cell Martiny et al. 2016 (8) 
Co Use efficiency, 
calculated 
6.6 x 107 Mol C per day per mol Co = 1.85 x 109 / (20.1 + 7.7) 
 
Co Use efficiency,  
empirical 
1.55 x 107 Mol C per day per mol Co Table S1 




Per day Table S2 
NrdJ quota, predicted 4.0 
(11.8) 
Copies per cell = 0.2 x 20.1 
NrdJ quota, measured 15 ± 2 Copies per cell  
MetH quota predicted 1.5 
(4.8) 
Copies per cell = 0.2 x 7.7 
MetH quota measured 7 ± 2 Copies per cell  
Co quota, predicted 5.5  
(16.6) 
Atoms per cell = 4 + 1.5 
Co quota, measured 65 ± 8 Atoms per cell  


















Table S5. Peptide and DNA sequences of used in plasmid construction. 



















































Table S6. Calibration of 15N labeled myoglobin peptides to 100 fmol 14N myoglobin peptides. 










VEADIAGHGQEVLIR 1 1 21.83 2.4049 
VEADIAGHGQEVLIR 2 1 21.68 2.3136 
LFTGHPETLEK 1 1 19.71 2.6456 
LFTGHPETLEK 2 1 19.47 2.7566 
GHHEAELKPLAQSHATK 1 1 15.33 2.5027 
GHHEAELKPLAQSHATK 2 1 14.87 2.1853 
ALELFR 1 1 25.98 2.7962 
ALELFR 2 0.94 25.92 2.9433 
HPGDFGADAQGAMTK 1 1 18.9 4.1635 
HPGDFGADAQGAMTK 2 1 18.6 4.1598 

































Table S7. Quantitation of MetH and NrdJ peptides in large volume Prochlorococcus cultures 
and comparison to cobalt quotas measured by ICP-MS. Measurements of strongly limited cells 










Ribonucleotide reductase NrdJ (copies per cell ± 1SD) 
SVSEVGITPK GFGGMANPIK VASLLGK FSANATFPR Mean ± 
0.2 5.7E+07 98 13.5 0.1 12.6 0.2 15.4 0.1 14.3 0.2 13.9 1.2 
0.2 6.9E+07 86 15.6 0.3 12.5 0.2 17.8 1.0 14.3 0.3 15.0 2.2 
0.2 1.0E+08 72 11.6 0.0 13.5 0.2 15.2 1.7 12.3 0.1 13.2 1.6 
0.32 4.6E+07 70 11.3 0.1 8.7 0.4 12.0 0.1 11.3 0.3 10.8 1.5 
0.32 9.7E+07 65 10.8 0.3 9.4 0.1 12.6 0.4 10.4 0.4 10.8 1.4 
0.32 1.3E+08 62 15.1 0.2 12.5 0.4 16.2 0.6 14.5 0.6 14.6 1.6 
             
   Methionine Synthase MetH (copies per cell ± 1SD) 
   FVAGSIGPTTK AGLDSAIIAPNK ISQFNFPR VSDSNIQLSLLDAK Mean ± 
0.2 5.7E+07 98 4.2 0.2 7.8 0.1 5.0 0.0 5.4 0.1 5.6 1.6 
0.2 6.9E+07 86 5.7 0.4 9.5 0.3 6.7 0.7 7.3 0.8 7.3 1.6 
0.2 1.0E+08 72 4.3 0.4 6.9 0.1 4.7 0.5 5.6 0.2 5.4 1.1 
0.32 4.6E+07 70 5.6 0.1 8.9 0.1 6.1 0.0 7.4 0.4 7.0 1.5 
0.32 9.7E+07 65 5.2 0.2 9.1 1.0 5.7 0.3 7.0 0.6 6.8 1.8 

































Table S8. Spectral counting of Prochlorococcus MIT9215 proteomes from the cobalt gradient 
experiment. Only proteins identified in all cobalt-limited (0.6 and 1 nM) or in all cobalt-replete 
(10 and 3 nM) samples are shown. Fisher exact tests compare Cobalt Replete and Cobalt Limited 
groups. 
Identified proteins n = 484 
Significant proteins n = 56 (Fischer exact p<0.01) 
 





3 nM 1 nM 600 pM 
Upregulated proteins (n=20, Fisher exact p<0.01)  A B A B A B A B 
50S ribosomal protein L20   3 8 6 2 15 33 4 13 
Photosystem II manganese-stabilizing protein   20 48 34 39 60 88 73 62 
60 kDa chaperonin 2   113 142 73 66 172 157 134 148 
50S ribosomal protein L2   71 111 85 80 176 169 119 136 
Helix-hairpin-helix DNA-binding protein containing motif 
class 1  
 5 2 4 0 21 16 11 3 
Thioredoxin   36 60 38 46 69 85 79 77 
50S ribosomal protein L7/L12   25 28 34 29 56 50 58 51 
ATP synthase subunit b   7 13 16 13 19 35 29 26 
Photosystem I protein PsaD   37 40 24 21 81 70 44 24 
Putative Branched-chain amino acid aminotransferase   24 20 12 14 37 39 33 31 
Ribulose bisphosphate carboxylase, small chain   150 120 99 129 113 161 95 131 
50S ribosomal protein L16   17 12 6 10 29 32 18 17 
Ferritin   15 12 13 9 32 17 35 18 
Histone-like DNA-binding protein   62 137 74 130 121 178 143 153 
50S ribosomal protein L19   45 67 41 24 88 74 75 47 
50S ribosomal protein L15   23 16 15 23 32 37 28 42 
Single-stranded DNA-binding protein   7 11 0 14 12 22 13 23 
Nucleoside diphosphate kinase   18 12 10 0 25 18 24 14 
Putative DNA-directed RNA polymerase (omega chain)   19 47 24 35 49 62 46 47 
Protein GrpE   30 41 46 21 66 59 62 32 
           
Downregulated proteins (n=14, Fisher exact p<0.01)          
D-fructose 1,6-bisphosphatase class 2/sedoheptulose 1,7-
bisphosphatase  
 42 110 24 14 65 33 40 16 
Uncharacterized protein   75 52 77 64 63 48 63 55 
Ribulose bisphosphate carboxylase large chain   22 44 16 16 28 12 2 8 
Transketolase   75 59 45 44 30 45 6 3 
30S ribosomal protein S16   23 48 28 46 32 51 12 7 
30S ribosomal protein S4   13 25 18 12 13 6 4 0 
ATP synthase gamma chain   17 19 10 11 15 7 3 0 
Putative nicotinamide nucleotide transhydrogenase, subunit 
alpha 1 (A1)  
 9 7 3 4 3 2 0 0 
ATP synthase subunit beta   100 121 78 89 104 124 64 70 
30S ribosomal protein S13   24 14 10 8 10 9 8 6 
30S ribosomal protein S3   6 5 5 2 5 0 0 0 
50S ribosomal protein L11   10 21 6 11 11 5 10 3 
30S ribosomal protein S10   13 11 5 13 9 15 2 0 
Thioredoxin peroxidase   16 14 0 5 7 5 3 6 
           
Not significantly regulated proteins (n=87, p>0.01)          
Ferredoxin-NADP oxidoreductase (FNR)   36 39 19 25 31 41 28 8 
50S ribosomal protein L17   25 29 24 21 51 43 37 27 
 S28 
  10 nM 3 nM 1 nM 600 pM 
Not significantly regulated proteins (continued)  A B A B A B A B 
ABC-type Fe3+ transport system, periplasmic component   21 25 12 16 42 35 22 24 
50S ribosomal protein L18   15 53 36 31 49 73 40 45 
50S ribosomal protein L35   9 7 8 13 15 17 15 22 
Uncharacterized protein   8 8 10 7 11 21 24 7 
50S ribosomal protein L27   8 7 8 5 8 6 4 0 
Protoporphyrin IX Magnesium chelatase, ChlI subunit   22 10 4 3 16 6 7 0 
10 kDa chaperonin   9 13 7 6 19 19 19 7 
ATP synthase subunit alpha   65 67 36 42 67 73 36 39 
Possible cAMP phosphodiesterase class-II   6 6 0 0 9 9 7 3 
50S ribosomal protein L23   8 13 9 3 21 17 10 12 
30S ribosomal protein S7   29 39 33 33 53 49 18 11 
Elongation factor Tu   99 133 52 100 74 91 111 137 
Triosephosphate isomerase   21 29 20 2 31 30 0 4 
Uncharacterized protein   18 19 23 24 26 41 39 23 
NifU-like protein   4 8 7 2 7 8 14 10 
Signal peptide peptidase SppA (Protease IV)   10 3 2 4 16 8 9 4 
Photosystem I iron-sulfur center   17 19 20 23 46 23 24 28 
Chaperone protein DnaK   34 37 26 9 41 26 27 11 
Ribosomal protein S1   24 28 17 11 26 23 18 10 
Carboxysome shell protein CsoS2   37 41 49 29 73 47 62 39 
Putative nickel-containing superoxide dismutase (NISOD)  10 14 6 8 9 6 11 7 
Glutamate-1-semialdehyde 2,1-aminomutase   10 12 5 5 11 7 4 5 
Pyridoxine 5'-phosphate synthase   9 6 11 9 15 10 15 17 
50S ribosomal protein L13   18 18 11 7 24 23 15 20 
Ornithine carbamoyltransferase, catabolic   8 10 15 2 14 18 15 9 
Dihydrolipoyl dehydrogenase   17 11 8 3 15 13 6 2 
Enolase   25 22 10 6 39 20 16 18 
Uncharacterized protein   2 5 6 3 6 4 0 2 
Elongation factor P   12 11 15 4 16 10 12 2 
Glutamine synthetase   58 142 56 76 114 101 126 94 
Flavodoxin   6 16 4 15 11 20 16 15 
Delta-aminolevulinic acid dehydratase   8 7 0 5 8 14 2 8 
Photosystem I PsaF protein (Subunit III)   20 12 7 3 25 16 0 0 
50S ribosomal protein L1   12 9 8 11 15 9 10 5 
50S ribosomal protein L24   9 0 2 0 7 7 4 2 
Uncharacterized protein   29 13 6 5 24 14 10 6 
Uncharacterized protein   14 11 7 12 19 18 14 13 
Carboxysome shell protein CsoS1   243 329 142 243 326 307 249 245 
Uncharacterized protein   14 15 6 6 20 16 16 8 
Polyribonucleotide nucleotidyltransferase   20 13 8 9 14 15 11 11 
Fructose-bisphosphate aldolase   20 31 20 15 50 29 7 6 
50S ribosomal protein L4   72 212 107 97 193 153 129 92 
Uncharacterized protein   20 36 25 20 32 24 31 24 
DNA-directed RNA polymerase subunit beta'   24 14 5 0 18 15 6 5 
S-adenosylmethionine synthase   15 23 13 10 25 23 10 7 
50S ribosomal protein L32   9 7 8 9 7 4 14 8 
50S ribosomal protein L14   21 14 15 11 25 13 20 7 
Cell division protein FtsZ   32 49 24 18 52 41 38 32 
50S ribosomal protein L3   20 22 8 7 26 26 16 11 
30S ribosomal protein S5   17 12 6 10 20 24 3 0 
Soluble hydrogenase small subunit   9 5 0 5 6 8 7 8 
50S ribosomal protein L9   15 19 8 18 21 24 17 20 
50S ribosomal protein L29   4 11 2 3 8 9 8 5 
50S ribosomal protein L6   33 26 27 21 42 30 22 26 
 S29 
  10 nM 3 nM 1 nM 600 pM 
Not significantly regulated proteins (continued)  A B A B A B A B 
Ribosome-recycling factor   7 0 3 4 9 2 6 5 
60 kDa chaperonin 1   31 18 8 8 32 19 9 11 
Putative IMP dehydrogenase   49 60 42 70 71 92 51 41 
30S ribosomal protein S15   10 15 9 3 19 28 5 0 
30S ribosomal protein S6   17 17 28 9 36 19 23 0 
Two-component response regulator   20 14 11 11 24 17 21 14 
3-oxoacyl-[acyl-carrier-protein] synthase 2   9 8 6 6 12 8 6 4 
Two-component response regulator   8 7 2 3 10 5 3 2 
ATP-dependent zinc metalloprotease FtsH   7 11 6 3 15 12 5 6 
50S ribosomal protein L28   9 6 4 3 15 11 2 3 
Photosystem II lipoprotein Psb27   11 5 7 4 12 7 8 2 
ATP synthase subunit b'   14 8 8 3 15 5 9 7 
Light-harvesting complex protein   12 10 4 6 11 13 11 8 
Putative GTP cyclohydrolase I   11 9 7 9 15 14 8 11 
Photosystem II D2 protein   5 5 4 4 6 13 0 0 
Phosphate-binding protein   11 16 16 11 23 15 18 14 
30S ribosomal protein S14   22 42 14 12 37 29 23 16 
30S ribosomal protein S18   8 7 9 13 16 15 13 5 
ATP-dependent zinc metalloprotease FtsH   14 8 7 7 15 15 7 10 
Actin-like ATPase involved in cell morphogenesis   15 21 10 16 11 20 18 30 
Photosystem II reaction center Psb28 protein   15 29 17 40 29 35 32 30 
Biotin carboxyl carrier protein   9 16 6 11 11 20 9 9 
Glyceraldehyde-3-phosphate dehydrogenase   14 10 3 4 17 9 7 7 
Uncharacterized protein   11 8 9 6 11 14 7 8 
50S ribosomal protein L5   17 19 17 14 23 25 13 19 
Peptidyl-prolyl cis-trans isomerase   36 41 26 25 38 54 35 31 
Putative potassium channel, VIC family   6 7 4 0 6 3 9 4 
DNA-directed RNA polymerase subunit alpha   66 62 33 53 85 61 70 46 
Pentapeptide repeat-containing proteins   20 24 6 11 16 33 16 10 
Cysteine synthase   5 9 2 0 5 5 4 5 
DNA-directed RNA polymerase subunit beta   12 9 6 0 11 8 8 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
